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ABSTRACT

The real (el) and imaginary (;2) parts of the dielectric
response function, together with the energy loss function
Im(l/;), of freshly cleaved single crystals of NaCl and KCl were
obtained in the region 5-28 eV by Kramers-Kronig analysis of near-
normal-incidence reflectance spectra. Data were obtained over the
entire region at room temperature, and from 5-11 eV at 77°K. The
low temperature spectra of both materials reveal a definite dis-
tinction between exciton and interband spectra. Fine.structure
corresponding to the n=l1 and n=2 members of the I15(3/2) and
FlS (1/2) exciton series were clearly resolved at 77°K, using a
spectral resolution of 2 A". The oscillator strength available for
interband transitions has been largely exhausted below 15 eV in
both materials, and the reflectance and dielectric response have
low magnitudes at higher energies. Plasma resonance effects occur
in both materials, and were identified from the Im(l/z) function.
The optical data are in good agreement with directly measured
electron energy losses.

The €, spectrum of NaCl bears strong resemblance to that
of Mg0, and an attempt was made to analyze the observed structure
in terms of a band-structure similar to that calculated for MgO.
On this basis, nearly all of the main spectral features below 14 eV

could be identified in terms of direct interband transitions.




Strong transitions producing M, edges were assigned to the symmetry
points I, L and X. A peak at 11.2 eV results from near-degeneracy
of the Ag - Al and 24 - El transitions. The band-gap for the lowest-
energy direct transition (Pls - Tl) was estimated to be 8.97 +
0.07 eV at 77°K.

The spectrum of KC1l is more complex than that of
NaCl, because of the low-lying d-like states in the conduction-

band structure. The X. level lies below X and the exciton

3 1’
associated with it (excited from X5') produces the temperature-
dependent peak at 9.38 + 0.03 ev (77°K). The band-gap (T~ T))
lies at 8.69 + 0.07 eV at 77°K, and the remainder of the analysis

is analogous to that for NaCl and MgO.
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1. Introduction

The recent success of combined studies of electronic spectra
and psuedopotential band structure calculations, in deriving the
electronic structure of a variety of solids, has generated interest
in extending the method to ionic materials.l In particular, the
excellent agreement between experimental spectra and psuedopotential
calculations obtained for MgO 2 shows clearly the importance of
studying related alkali halides such as NaCl and KCl.

Intrinsic electronic spectra of both NaCl and KCl have been
obtained previously by a variety of investigators using several
techniques. Recent thin film transmission measurements on the

alkali halides have included work on both materials at 800K 3 and

at 10°K 4. The bulk crystals have also been studied in detail

recently, by means of reflectance techniques? and the basic
spectral features now appear to be rather well established, at

least in the region of the lowest-energy electronic transitions.




For maximum usefulness in combination with psuedopotential
calculations however, the main features of the complex dielectric
response function, 2, must be known with an energy resolution of
about 0.1 eV over as wide an energy range as possible, usually
at least up to 10 eV beyond the threshold. Perhaps the most useful
technique to date for obtaining such data consists of resolving
the near normal-incidence-reflectance spectrum from freshly cleaved
crystals into the real and imaginary parts of ; by dispersion
relation analysis. In order to reduce the lifetime broadening of
important spectral features for materials in which excitons are
prominent, reflectance spectra at temperatures well below the
Debye temperature of the crystal are required.

In the present work, near—-normal-incidence reflectance
spectra of freshly cleaved NaCl and KCl were obtained at 300%k
from 5-28 eV and at 77°K from 5-12 eV. The data were analyzed
+ i€

for € = € by a particular application of the Kramers-

1 2
Kronig relation which has been described elsewhere.
An important result of this study is a detailed confir-
mation of the strong similarity between the spectrum of MgO
and NaCl which had been suggested earlier by Roessler.8 Because
of this similarity an analysis nearly identical to that of
MgO was found to explain the NaCl spectrum in some detail.
Psuedopotential calculations give essentially this same conclusion.
Although the spectrum of KCl is more complex than that

of NaCl the analogy with MgO can still be used to explain many

of the features.
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The additional features of the KCl spectrum were found
to derive from a distinct lowering of the d-like X, state
compared to that of NaCl and the introduction of an X point
exciton from the resulting Xé - X3 edge.

2. Experimental Procedure

Bulk crystals of both materials were obtained from the
Harshaw Chemical Company and, in addition, some of the KCl
surfaces examined were prepared from a zone-purified crystal
obtained from the Westinghouse Electric Corporation. The use of
freshly cleaved surface minimizes the likelihood of obtaining
reflectance not intrinsic to the material, and the intérnal
evidence from the present data is that surface contamination was
negligible.

Ultraviolet radiation at photon energies below 15 eV was
provided by a hydrogen-discharge, while extension of the
measurements to 28 eV was achieved by use of a pulsed high-voltage
discharge in argon. Further details of the apparatus have been

10,11 The experimental measurements of the

given elsewhere.
reflectance are accurate to about 3% below 15 eV, but only to about
10% in some regions beyond 15 eV, as eétimated from the scatter of
the original data points and the reproducibility of the spectrum.
The derived parameters, € and €50 have anadditional uncertainty
due to the approximation used in the Kramers-Kronig analysis.

This has been discussed in detail elsewhere7 and becomes important

only beyond about 26 eV.




In order to maintain the high vacuum necessary fo prevent
contamination of the samples at 77OK, a lithium fluoride window was
used to seal off the reflectometer from the monochromator system,
and this limited the low temperature measurements to the energy range
below 12 eV.

During the reflectance measurements on the KCl crystals
certain luminescence features were observed at excitation energies
near 7 eV., i.e., to the low-energy side of the intrinsic absorption
edge. These effects occurred only temporarily, following the
cooling of the samples from 300°K to 77OK, and could not be
detected after the crystals had been at 77°K for more than 10
minutes. This feature was not investigated in detail, but it is
unlikely that its occurrence (possibly due to thermal strain
effects or bromine impurity centres) should be considered relevant to

discussion of the intrinsic spectrum.

3. Results and Discussion

The room temperature reflectance spectra for NaCl and

KCl are shown in Figs. 1 and 2 respectively. In the region below
14 ev, the solid line refers to the data obtained by means of the
hydrogen discharge. Above 14 eV, the éolid curve, in both spectra,
represents the best fit to data obtained from the argon discharge.
In the latter case, the data points are shown by the solid circles
and indicate the experimental scatter. 1In the case of NaCl, the
only comparable data beyond 12 eV are the thin film transmission

measurements of Metzger,12 which extend to 21 eV and are in fair



agreement with the present data. Other reflectance measure-

mentss’l3'l4

below 12 eV are in good agreement, both in magnitude
and position of spectral features, with those shown here. Philipp
and Ehrenreich15 méasured the reflectance of KC1l as far as 23 eV,
and obtained substantially similar features to those shown here.
Below 13 eV, the prominent peaks in Fig. 2 also appear strongly in

6,13,14 and transmission3'4 data. The temperature

other reflection
dependence of the low energy spectrum, i.e., below 12 eV, is shown
in Figs. 3 and 4 where the splitting of the lowest energy peak is
clearly resolved in both crystals.

As emphasized in the preceding section, the reflectance is
only of indirect interest, and the Kramers-Kronig relation pre-
viously mentioned was used to generate the dielectric parameters,
€ and €,. 1In particular, structure in €, can be related directly
to singularities in the joint density-of-states for interband
transitions.l6 The discussion to follow will therefore be based
primarily on the €, spectrum. For convenience, the exciton struc-

ture nearest the lowest-energy absorption edge will be discussed

first.

A. Edge Structure

The Coulomb interaction in alkali halides is manifested
by the appearance of exciton states in the electronic spectra.
Typical of exciton features are the strong temperature-dependence
and sharpness of the peaks, as compared to interband structure.
These characteristics are readily apparent in Figs. 3 and 4, and
can also be easily recognized in the derived €, spectra shown in

Figs. 5 and 6.
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Careful studies have recently been made in Japan
the reflectance spectra of NaCl and KCl below 12 eV and at tem-
peratures down to 10°K. The resolution of the work permitted a
detailed examination of the line-shapes and temperature-dependence
of the excitons, and our discussion of the exciton features will
therefore be brief.

The lowest energy peak in both spectra is due to the
creation of an exciton I, the center of the Brillouin zone. The
highest valence band in alkali halides is formed primarily from
atomic p-states of the halide ion, and is spin-orbit split effec-
tively into j = 3/2, j = l/2 levels. 1In a detailed discussion of
this phenomenon, Knox and Inchauspe17 predicted minimﬁm values for
such splittings, including a value of 0.103 eV for alkali chlorides.
The room-temperature reflectance data for NaCl exhibit a peak at
7.725 + 0.025 eV with a shoulder at 7.82 + 0.03 eV. At 77°K, the
spin-orbit splitting produces components at 7.94 + 0.0l eV and
8.09 + 0.0l eV. 1In €, (Fig. 5), the 7.75 eV peak at 300k is
resolved at 77°K into components at 7.92 + 0.0l eV and
8.03 + 0.01 ev. The splitting at 77°K is therefore 0.11 +
0.02 eV, in good agreement with theory. For KCl, the 7.66 eV
reflectance peak (300°K) is split at 77°K into members at
7.75 + 0.01 eV and 7.90 + 0.01 eV. The €, spectrum is similar;
the 300°k peak at 7.59 + 0.02 gives components at 7.735 +

0.015 eV and 7.845 + 0.015 eV at 77°K. As in NaCl, the spin-

orbit splitting is 0.11 + 0.03 eV, and this therefore corresponds
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to the valence-band splitting at F15‘ Even though the excitons
are tightly-bound in alkali halides, there is evidence for
Wannier-like series of exciton lines, and the n=2 members of

18 of KI |

such series can be seen clearly in the reflectance spectra
and RbI, for example. 1In the present work, the n=2 states appear
only weakly in NaCl (Fig. 3) because of the data scatter; they are
more clearly apparent in KCl (Fig. 4). 1In the €, spectra (Figs. 5

and 6) the positions of the n=2 states at 77°K are 8.71 + 0.02 ev

and 8.88 + 0.02 eV for NaCl, and 8.45 + 0.02 eV and 8.57 + 0.02 eV
for KCl. The splittings (0.17 + 0.04 eV for NaCl and 0.12 + 0.02 eV
for KCl) are consistent with the interpretation given above. Although
a purely Wannier-like exciton picture is inappropriate, the appear-
ance of the n=2 members permits reasonable estimates of the

energies associated with the direct inter-band edges. On this

basis, En' the energy of the nth exciton member, is given in terms

of the band-gap, E and the exciton binding energy, B, by the

G'

expression

En = EG - B/n2 . (1)

The exciton associated with the upper (j=3/2) of the F15 valence
band levels has a binding energy of 1.05 eV according to Eg. (1).
If we assume the optical value of 1.544 is appropriafe for the
dielectric constant of NaCl during the exciton transition, then
the rlS (j=3/2) exciton has a reduced mass ratio of 0.44 and an
effective radius of 2.9 A’ (cf. the inter-ionic spacing in NacCl,
2.81 A°). For KCl, the corresponding exciton has a binding energy
of 0.95 eV, a reduced mass ratio of 0.34 and an effective radius

of 3.4 A" (cf. the inter-ionic spacing in KC1l, 3.14 A’).
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values for the osciliator strengths of the exciton transitions
were obtained by a classical dispefsion fit to the experimental
peaks. This procédure is crude but provides a rough guide to
the relative intensities of the j = 3/2, 1/2 transitions. For
NaCl, the j = 3/2 member of I' exciton doublet has an oscillator
strength of about 0.21 per mole, while the j = 1/2 member is almost
as strong (0.19 per mole). The corresponding values for KCl are
larger, being 0.31 and 0.38 respectively. For pure j-j coupling
the intensity ratio should be 2:1 for the doublet components. The
present values (l.i:l for NaCl and 0.8:1 for KCl) are only approx-
imate but are sufficiently different from 2:1 to indicate that the
exchange interaction between the electron and hole islsignificant.
A detailed discussion of the effects of spin-orbit and electron-hole
exchange interactions on exciton states in the alkali halides has

recently been given by Onodera and Toyozawa.19

B. Interband Transitions

As noted in the introduction, the reflectance spectrum of

NaCl (Fig. 1) is remarkably similar to that of Mg0.2'8'lO Both

crystals are face-centered cubic structures, possessing similar

Brillouin zones, and this, together with the relative positions

of the constituent elements in the periodic table, suggests that
the electronic band structures may differ only in minor

respects. There have been very few band-structure calculations
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and those of Shockley20 and Casella22 were con-

21

for NaCl,20'21’22

cerned only with the valence bands. The validity of Tibbs'“" cal-
culation of conduction band levels has been criticized. Our pur-
pose in the present section is to identify the intefband transi-
tions observed in NaCl as far as possible on the assumption of an
Mg0O-like band structure.9 This treatment will then be further
extended to KCl, where the d-bands are lower than in NaCl and
complicate the conduction band structure.

The dielectric parameters of NaCl, as computed via a
Kramers~Kronig analysis of the reflectance daté of Fig. 1, are
presented in Fig. 7. Both € and €, preserve the spectral features
seen in reflectance, but only the €, line shapes are directly
related to the joint density of states. A schematic diagram of
a band structure for NaCl, based upon that of Mg0O, is shown in
Fig. 8. Although the energy scale is arbitrary, the energy gaps
which were determined from the present data are drawn approximately
to scale. The correct ordering of certain of the conduction band
levels is not known, and the present data are insufficient to
determine whether the second conduction band level at L is in

fact L,' rather than L for example. By analogy with MgO,

3 1’
however, we assume that, at the symmetfy points shown, the
lowest conduction band levels are predominantly s-like, and the
next conduction band levels are primarly d-like.

The contribution to €59 for direct interband transitions

where lifetime broadening has been neglected, may be expressed2

by the relation
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. 12
_ 2 l=x,ilplx, 3>
£i5K) =3y S (3)

is the interband oscillator strength, S is a surface of constant
interband energy, § is the volume of the Brillouin zone, and the
interband energy Eij = Ej - Ei' For materials such as NaCl, it is
not expected that fij(k) is a strongly-varying function, and we
therefore assume that the dominant structure in €, is determined
by the critical points where the integrand in Eq. (2) vanishes.

The nature of such critical points, or Van Hove singularities, is

now well establishedl6'24'25

and we shall adopt the nomenclature
in current use, i.e., Mo' Ml' M2, and M3 for the principal edge
types. Parabolic, or Mo' edges appear in Fig. 7 at about 9.5 eV,
10.5 ev, 11.8 ev, 12.9 eV, and in the 14-15 eV region and above.
The M, edges produced by the rlS - Fl transition have already been
discussed above with the exciton features, and the energy gaps at
77°K are 8.97 + 0.07 eV, for the transition to Tl from the upper
spin-orbit split rlS 1eVe1, and 9.16 + 0.07 eV for the transition
from IiS (j=3). Spin-orbit splitting of the highest valence band,
at points other than I, was too small to be observed in the present
spectrum and will not be discussed further. As in Mg0, we expect
the L, - L,' transition to occur at energies bglow that required

3 2

for the first transition at X, ie., XS' - Xy The strong peak at
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11.2 eV in the NacCl spectrum is directly analogous to a similar
feature in the MgO spectrum.2 The latter peak arose from near-
degeneracies of M, and M, edges corresponding to transitions
at A and I respectively, preceded by the strong MO édge from the
XS' =X transition. On this basis we assign a value of

10.5 + 0.2 eV to the X5' = X, transition, which produces the
strong increase in €, beyond the minimum near 10.5 eV. The

A~ Al transition produces an My edge at 11.0 + 0.2 eV followed

5

by the 24 = Z., M, edge at 11.4 + 0.2 eV. A value of 9.5 +

1’ 72

0.3 eV is assigned to L3 - L2', and the M1 critical point due
to the hyperbolic edge at A gives a value of 10.0 + 0.3 eV to
the A3 - A1 transition.

It should be noted that excitons are not necessarily
confined to I', although if the lowest interband transition occurs
here, then excitons at X, for example, may be scattered rather
easily at the interband threshold and be markedly life-time
broadened. The data of Figs. 3 and 5 do indicate some temperature
dependence at X, and if excitons are indeed present (near 10 eV),
then the contributions to €, predicted by future band-structure
calculations should be smaller than observed experimentally in
this region. Modulatedbreflectance studies in the 10 eV region
should also resolve spin-orbit split structure (due to a valence
band splitt;ng of about 0.07 eV at Xs') associated with the

exciton: a similar splitting should also appear near 10.5 eV due to

the direct interband transition, x5'~ Xl.
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By using the Mg0 analogy we have now identified-all the
basic features below 12 eV in terms of exciton and interband
transitions involving the highest valence band and the lowest
conduction band. Interband transitions to the next higher
conduction band are more difficult to identify using only the
present data.

The increase in €, (Fig. 7) beyond the A, ¥ peak probably
arises from transitions at X, by direct analogy with the correspond-
ing feature in Mg0. On this basis we give a value of 11.8 + 0.2 eV
to the X_.' * X

5

between X, and X4 is therefore 1.3 + 0.4 eV. The Ly = L3' trans-

ition may be responsible for the strong increase in €, at 12.9 + 0.2 eVv.

3 transition; the conduction band separation at X

The spectrum beyond 12 eV shows evidence of considerable, but poorly
resolved, structure. 1Identification of critical points is there-
fore difficult and must await modulated reflectance studies in

this region. The strong features remaining are the two structures
with peaks near 12.3 eV and 13.5 eV respectively. Judging from the
weakness of the structure beyond 15 eV, we believe that most of the
oscillator strength associated with interband transitions to the
lowest two conduction bands has been exhausted below 15 eV. The

My edge associated with the rlS - P25'. transition should therefore
be located in the 12-14 eV region. The increase in €, near 12.9 ev,
mentioned above, is very strong, and it is possible that P15 - IES'
is near-degenerate with L3 = L3'. We tentatively assign a value

of 13.2 + 0.3 eV to the I~ I',;' transition. It is doubtful if

either of the peaks at 12.3 eV and 13.5 eV arises from only two or
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three critical points, although Ml and M2 edges probably produce
the dominant structure. In the MgO‘spectrum,10 a peak occurs at
16.8 eV followed by a second at 17.3 eV. We believe that the
transitions responsible for these structures9 are pfobably those
producing the analogous features in NaCl. Saddle-point edges occur

along A and Z: in particular, M edges arise from Al - Al'

1
As‘ AQ' and 24 - El. Similar edges also occur at L (Ll - L2')
and X (X4' - X3). The peaks observed are probably due to near-
degeneracy of these edges with M, edges due to transitions along A
and T~ (for example, 23 - El, Zﬁ - 22 and El - El). M, edges appear
to be present just below 13 eV and 14 eV respectively; they may be
associated with transitions at A and A (A3 - A3). A more detailed
investigation necessitates better resolved data and an improved
band-structure calculation.

Differences between the KCl and NaCl spectra (Figs. 7 and
9) are more marked than in the case of NaCl and MgO. The most
notable dissimilarity is the strong peak at 9.3 eV in the KCl
spectrum. This peak is quite temperature-dependent (Figs. 4
and 6) and we believe it is excitonic in origin. There have re-

26,27,28 and

27,28

cently been several band-structure calculations for KC1l
a particularly interesting feature of the conduction-band studies

One might expect

is that the X, level is actually lower than X

3 1°

X5 to be lower (relative to Xl) in KCl1l than NaCl if only because

d-like states are more easily accesible in the K+ ion than in Na+.

The effect is so marked at X however, that the d-like (X3) and
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s-like (Xl) levels are inverted. The usual ordering apéears to
be preserved at the other main symmetry points in the Brillouin
zone, and the schematic diagram given in Fig. 8 reflects the above
information. Again we emphasize that the bands shown are drawn
only approximately to scale, and are indicated merely for convenience
when referring to interband transitions.

We suggest that the peak in the €2 spectrum at 9.30 +
0.03 eV is due to an exciton associated with the X5' - X3 trans-
ition. At 77°k, the peak moves to 9.38 + 0.03 eV. There is no
clear evidence of spin-orbit splitting in the structure, nor of
n=2 exciton lines (although these would be very weak in any case):
modulated reflectance work should resolve these featufes. We place
the associated Mo scattering edge (XS' - X3) at 9.9 + 0.1 ev.
The remainder of the spectrum below 10 eV is directly analogous
to that of NacCl.

Use of Eq. (1) in the preceding section gives values for
the smallest band-gap of 8.69 + 0.07 eV (77°K) for the 1“15(3/2) -~ T

1
transition and 8.81 + 0.07 ev for T ('/,) = I,. The L, ~ L'

1 3 2
transition gives an M, edge at 9.0 + 0.2 eV, followed by the
A3 - A1 transition just above 9 eV. The My edge due to the A
transition is masked by the X exciton étructure, but we estimate
its position at 9.2 + 0.2 eV. The feature near 10.4 eV may be due
to a M; edge, in which case the AS'* A1 transition is a possible
interpretation. On the other hand the A, T transitions produced a

very strong peak in NaCl, and the structure near 12.5 eV may be

the direct analogy. This assumption would place As* Ai at 12.3 +
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0.2 eV, and 24 - El (giving én M., edge) at 12.5 4+ 0.2 eV, but we
shall discuss objections to this, below. The XS' - Xl transition is
probably responsible for the increase in €, near 11 ev, and we
assign to it a value of 10.9 + 0.3 eV. It is possible that, because
of the inversion of the Xl' X3 levels, the AES“ A2' transition

may occur at lower energies thanAAs'* Al.' and produce an Ml edge

at 10.3 + 0.2 eV. The parabolic (M]) edges produced by the rlS -

F25' and L3 - L3' transitions are not clearly resolved, but must
account for part of the very strong increase in 62 in the 11-12 eV
region. We tentatively suggest values of 11.2 + 0.4 eV (L3 - L3')

and 11.6 + 0.5 ev (I} - ') for these transitions. Note,

1-‘25
however, that if rlS - st' lies below 12 eV as suggested, then

the M, edge at 12.3 + 0.2 eV can no longer be regarded satisfactorily

1
as due to the previously mentioned A transition (AE;“‘A]). The

latter would more probably lie near 11.1 + 0.2 eV. Similarly,

z, - El more probably lies near 10.5 eV, the M, edge being

4

obscured by neighboring transitions.

2

The very strong fall-off in €, beyond 12.5 eV, and extend-
ing several eV, indicates that most of the oscillator strength
available for transitions to the lowest two conduction bands is
exhausted, i.e., the prominent transitions occur at energies below
13 eV. The effect of the low-lying d-band in KCl is therefore not
only to invert the Xy and X, levels, but to cluster critical points
in a smaller energy region than in NaCl. The transitions which
produced the three strong features in the 10.5-14 eV region of

the NaCl spectrum (Fig. 7), are sufficiently close in energy in
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KCl to produce the single broad hump peaking at 12.4 eV. The
present data do not permit a more detailed analysis at this stage,
but it is possible that the increase in €, beyond 16 eV marks the
onset of transitions from the valence band to the third conduction
-t T -

band levels, such as r15 le and X, X,-

C. Plasma Effects

There have recently been several studies of the energy

losses suffered by electron beams scattered from both NaC129_3l'33”35

and kc122731735  gych work has included studies on both thin
films and bulk crystals. The energy distribution of ;he scattered
electrons is determined primarily by the function Im(l/z), where
€ is the dielectric constant of the material and refers to the
longitudinal electron-electron interaction. The transverse
dielectric response, for photon-electron interactions, can be shown
to be very similar, within the random phase approximation and in
the long wavelength limit.36 We therefore expect similarities
between the Im(l/z) function computed from the optical data and the
directly measured electron energy loss spectra.

We have computed Im(l/%) for both materials and present
the spectra in Figs. 10 and 1l1l. For coﬁparison, we also show, by
means of the broken curves, the characteristic electron energy loss
spectra measured directly by Creuzburg.29 The resemblance between

the NaCl spectra is remarkable, not only in the one-to-one corre-

spondence of spectral features below 18 eV, but also in the
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similarities of absolute magnitude. Creuzburg's data were obtained
from transmission work on thin films and employed a 50 keV electron
beam. The reasons for the appearance of structure beyond 18 ev
in the optical data are not clear (some of the elecfron loss data30’35
do indicate weak structure however). It is possible that the thin
film data are not entirely typical of the bulk material. On the
other hand, the computed values of Im(l/%) are very sensitive to
variations in € and €é when the latter are small, as is the case
beyond 18 eV.

It is clear, by comparing Figs. 7 and 10, that most of
the bands in the Im(l/%) spectrum correspond directly to features
in €50 and are therefore due to one-electron excitatidns as de-~
scribed in section B. The dominant feature in Fig. 10 is the very
strong band near 16 eV. This has a peak at 16.1 + 0.1 eV in the
photon data, and at 15.0 eV in the electron data. Other electron

30,31,33-35 variously estimated the peak to be at 15.5 eV

loss data
or slightly above. 1Its asymmetry and strength are observed in all
the reported electron energy loss spectra. There is no correspond-
ing feature in the €, spectrum, and it is reasonable to assume that
this energy loss is primarily due to many-electron or plasma

excitation. For free electrons, the plasma frequency for resonance,

u%,is given by

“%2 = 4ﬂNe2/m (4)

where N is the density of electrons participating in the collective
excitation. Although the valence electrons cannot be considered

as 'free', application of Eq. (4), with u%= 16.1 eV, yields a value
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of about 8 for the number of electrons per molecule participating
in the excitation. Although most of the oscillator strength
available for direct one-electron transitions from the valence
band has been exhausted in the region below 15 eV (see preceding
section), interband transitions are sufficiently close, energet-
ically, to shift the plasma frequency from its free electron value

37,38 Their presence probably explains much of the

in any case.
asymmetry and structure in the main resonance band.

In the case of KCl (Fig. 11), the agreement between the
photon data and Creuzburg's electron loss data29 is extremely good
in terms of spectral features. There is a discrepancy in the
absolute intensity, however; the broken curve represeﬁts the
electron data reduced by a factor of about 0.7. As in the case of
NaCl, the majority of the peaks and shoulders in Im(l/%) are
related to similar features in the €, spectrum (Fig. 9), and
result from direct interband transitions. The main peak in Im
(l/;), lying at 14.1 + 0.1 eV, has no counterpart in the €, spec-
trum and should be interpreted as due to a plasma resonance. The
peak occurs at 13.9 eV in Creuzburg's data, and at about the same
energy in the other reports.3l_35 Use of Eg. (4), with u%= 14.1 ev,
gives a value of just under 9 for the number of "free electrons"
per molecule. As in the case of NaCl, interband transitions are
still too strong in this energy region (the €, spectrum contains

a strong peak at 12.5 eV) for much significance to be attached to

this value, however.
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4. Summary

We have obtained the reflectance spectra of crystalline
NaCl and KCl, and used a dispersion analysis to generate the
€, spectra. The similarities between these spectra (particularly
that of NaCl) and that of MgO 10 suggested that an analysis of
the spectra could be attempted on the basis of the band-structure

of Mg0.2'9

All of the prominent structure below 14 eV in the

NaCl spectrum could be explained on this assumption. Extension

to KC1l was difficult until the marked lowering of the d-like
conduction bands and the introduction of an exciton at X were taken
into account. The prominent low-energy features were then identi-
fiable as in the case of NaCl. We show the main traﬁsitions
responsible for the strongest features of the low energy spectra of
Mg0, NaCl and KCl in Table 1. It should be emphasized that the
extent to which our analysis is correct is a measure of how well
similar features in the experimentally observed spectra may be
regarded as directly analogous to each other. There is a clear
need for better resolution in the experimental data before more
detailed identification can be made, particularly in the region
beyond 12 eV. Some form of modulated reflectance technique may

solve this problem, although there are several experimental

difficulties in using such methods in the far ultraviolet.
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TABLE CAPTIONS

Table I. Low-energy interband transitions in
Mg0, NaCl and KC1l, responsible for
the analogous features in their

optical spectra.
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TABLE I
Observed Energy (eV)
Band Transition Critical Point MgO NaCl KC1
]."15 - Pl ‘ M0 7.77 8.97 8.69
L, = Ly M, | 10.0 [ 9.5 9.0
A3 - Al Ml 10.8 10.0 9.2
X' Xy M 11.75 | 10.5 | 10.9
A5 - Al Ml 13.2 11.0 11.1
24 - El M2 13.4 11.4 10.4
XS' = X, M, 14.0 11.8 9.9
Ly - L3' M, 15.7 12.9 11.2
Pls - F25' M, 16.0 | 13.2 11.6
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FLGURE CAPTIONS

Reflectance spectrum of freshly-cleaved sodium

chloride at room temperature. The measurements

. o
were made at near-normal incidence (87).

Reflectance spectrum of freshly cleaved potassium
chloride at room temperature.

Temperature dependence of the reflectance spectrum
of NaCl below 11 eV.

Temperature dependence of the reflectance spectrum
of KC1l below 11.5 evV.

The €, spectrum below 11 eV for NacCl, as derived
from a Kramers-Kronig analysis of reflectance data.
Temperature dependence of the €, spectrum below 11 eV
for KCl, as derived from reflectance data.

The dielectric parameters, €l and €2, of Nacl. The
absolute magnitudes shown for the data beyond 25 eV
are uncertain, because of approximations in the
computation procedure.

Schematic band-structure diagrams for NaCl and KC1.
The energy ievels are only approximately to scale.
The dielectric parameters, El and €2, of KC1l below

25 eV at 300°K.
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Figure Captions, Con't.

Fig.

Fig.

10

11

The energy loss function, Im(l/z), for Nacl, derived
from a dispersion analysis of the optical reflectance
déta of Fig. 1.

The energy loss function, Im(l/EL for KCl, derived
from a dispersion analysis of the optical reflectance

data of Fig. 2.
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